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In the present work, the oxidation mechanism of di-t-butyl-hydroxytoluene (BHT) was studied in an aqueous
medium through different approaches to have a thorough vision of the physical chemistry: experiments with cyclic voltammetry
(CV), quantum chemical calculations, and simulations of CV. Calculations of thermodynamic parameters, such as pK, and standard
oxidation potential (E,°), were used to analyze and rationalize the CV experiments. Subsequently, different pathways of the
mechanism were constructed, and the most thermodynamically favorable one was selected. Numerical simulations were then used to
model this mechanism and compare it with the experimental data. The results show that the oxidation process is due to the coupled
loss of an electron and a proton in the first instance, followed by an irreversible second electron-transfer process without loss of
protons, mainly due to the adsorption of the products of the first oxidation on the electrode surface. The effect of different pH values
on this oxidative mechanism was also analyzed, with alkaline pH of 12 as a medium where changes in reactivity were observed as the
appearance of a new peak in the second voltammetric sweep, the interpretation of this peak is also provided.

di-t-butyl-hydroxytoluene, cyclic voltammetry, oxidation mechanism, synthetic antioxidant, DFT

Even the electrochemical BHT oxidation was studied in

Phenols have a wide range of applications, from the food organic solvents such as acetonitrile and methylene chloride.””
industry to biological functions. The antioxidant activity of In addition, linear sweep voltammetry experiments were
phenols is related to their ability to donate electrons to a carried out in an acidic aqueous solution of BHT reporting

substrate. Under oxidative conditions, phenols may react to
yield a large variety of products including quinones, biphenyl
quinones, etc., depending on the structure of the parent phenol

. . S . . . .
only one oxidative wave;” a similar observation was made with

voltammetric experiments with modified glassy carbon electro-

6,7 8—11 .
and experimental conditions. Butylated hydroxytoluene des.”” These reports, among others, pursue the quantifi-
(BHT) is a synthetic phenol used as food, polymer, and oil cation of BHT in different matrixes and not the final oxidation
additives whose function is to prevent the damage done by free mechanism elucidation. In conclusion, a systematic study of

radicals." Also, BHT has been documented in thousands of
scientific articles and patents which mainly discussed the role
of BHT as a key substrate in food and feed chemistry,
pharmaceuticals, and pharmacology.'

The oxidation of BHT is a complicated process, and
controversy in its mechanistic pathway exists in the literature.
One report shows that BHT oxidation presents two oxidative
waves in cyclic voltammetry (CV) experiments in a mixture of
acetonitrile/water medium but lacks analysis at alkaline pH.”

the oxidation mechanism of BHT has not been done yet.
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CV is a powerful technique to study the electrochemistry of
redox reactions since it involves both thermodynamic and
kinetic information. Therefore, they have been used for
decades to explore the mechanism of redox species. In recent
studies,"””~"* some of us have demonstrated a methodology to
reveal the mechanism of two antioxidants, butylated
hydroxyanisole and betanidin, by incorporating CV exper-
imental data, density functional theory (DFT) calculations,
and CV simulations. This has proven to be a very useful
methodology since it incorporates different approaches to the
same problem to have a global picture of the system behavior.

Electrochemical impedance spectroscopy (EIS) is one of the
most widely used techniques for characterizing electrochemical
behaviors. In EIS, a current signal is measured in response to
an applied AC potential at varying frequencies. The resulting
data for the electrode/solution interface typically exhibit
frequency dispersion—a phenomenon that, while not fully
understood, is commonly attributed to the dispersion of
capacitance. This behavior is often modeled using a constant-
phase element (CPE),">'® an empirical construct designed to
fit simulated impedance spectra to experimental observations.
The use of a CPE has become widely accepted within the
electrochemical community as a means to replicate the
behavior of the electrical double layer, which cannot be
accurately described by a pure capacitor. However, it is
important to recognize that the CPE simplifies the complex
nature of dispersion phenomena into a single element without
providing a detailed explanation of the underlying physical
processes. While it is generally acceptable to employ a CPE
when a detailed physical explanation is not the primary
concern, its use should be approached with caution. Careful
consideration is needed to ensure that the simplification does
not obscure significant aspects of the electrochemical behavior
being studied.

The nature of the reactions present in the mechanism of
oxidation on some phenols has been studied using different
techniques.'~>' Nevertheless, this paper presents a novel
approach to the study of the oxidation mechanism and the
electrochemistry of phenols in general. The main goal of this
report is to study the oxidation mechanism of BHT in an
aqueous solution using voltammetric experiments, DFT
calculations, and CV simulations, to discern the reaction
pathways and the impact of secondary reactions. Experiments
have been carried out at different pH values to study the
influence of the medium on the mechanism under study. To
the best of our knowledge, the literature lacks an approach
such as the one presented here.

2.1.1. Reagents and Solutions. All reagents were of
analytical grade. BHT was from Sigma Chemical Co., St. Louis,
MO. KCI (>99.9%, Sigma-Aldrich) was used as a supporting
electrolyte. Acetonitrile (ACN, HPLC grade) was purchased
from Sintorgan. Then, the peptide was used without further
purification. BHT stock solution (1 X 107> M) was prepared in
ACN, protected from light, and kept in the refrigerator.
Working solutions were prepared daily by transferring the
appropriate aliquots of the stock solution to 10.0 mL final
volume with 20% ACN in solutions of Britton—Robinson
buffer of different pH values (2—12). KCl was added to all
solutions to a final concentration of 0.1 M to maintain a
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constant ionic strength. The final BHT concentration was 3.3
X 107 M (33 uM) in all the experiments.

2.1.2. Apparatus and Software. Voltammetric and
impedimetric measurements were performed with a PalmSens4
potentiostat, using the manufacturer’s electrochemical analysis
software. The working electrode was a 3.0 mm diameter glassy
carbon disk electrode with a platinum wire as the auxiliary
electrode and a Ag/AgCl (KCl 3 M) BAS, RE-SB as the
reference electrode. The glassy carbon electrode surface was
polished manually with a 1, 0.3, and 0.05 gm alumina/water
slurry on felt pads followed by rinsing with ultrapure water.
Then, the electrode was sonicated in water for 10 s and dried
with a stream of nitrogen. All measurements were carried out
at room temperature.

In CV, the scan rate, v, was varied from 5 to 250 mV/s in a
potential range from —0.2 to 1.2 V. EIS measurements were
performed in the blank solution. The applied potential was
varied from 0.0 to 0.8 V. The amplitude of the sinusoidal
perturbation was 5 mV. The AC frequency was varied from 20
kHz to 0.01 Hz. The impedance spectra were fitted using the
manufacturer’s electrochemical analysis software.

Double potential step chronoamperometry was used to
determine the diffusion coefficient of BHT, taking into account
that the electron transfer process undergoes an adsorption/
diffusion-controlled process. Thus, the time-dependent current
responses were recorded after applying an initial potential
(where the faradaic process does not occur) for $ s to a final
potential (where the electrochemical reaction occurs at the
maximum possible rate, for the first oxidation peak), during 20
s. The choice of final potential depends on the pH. The data
obtained were analyzed through the Anson equation (eq 1).*”

Q = 2nFACD' 77" ?'? + nFAT, + Q (1)
where n = number of electrons transferred/molecule, F =
Faraday’s constant (96,500 C mol™), A = electrode area
(cm?), C = concentration (mol cm™2), D = diffusion coefficient
(cm? s71), T, is the surface concentration of adsorbed species
(mol cm™), and Qg double-layer charging.

The methodology used in the present article is adapted and
modified from prior studies.””~"* The computational methods
described below allow for obtaining the thermodynamic
parameters in very good agreement with the experimental
data and performing simulations of CV to contrast the
theoretical predictions with the voltametric experiments.

2.2.1. DFT Calculations. The calculations were performed
by Gaussian 09 Rev. E01 series of programs using the hybrid
density functional B3LYP, 6-31+G(d,p) as a basis set and the
SMD implicit solvation model.”*** Geometries were fully
optimized in an aqueous solution. Harmonic frequencies were
calculated to confirm that the structures were minima on the
potential energy surface and to obtain thermal and entropic
contributions to the free energies.

The pK, calculation was based on the use of the direct

approach, given by the proton dissociation reaction shown in
25,26
eq 2:™”

*®

A
HA, ~2% A~ 4 H*
aq aq aq (2)

The pK, of molecule HA was calculated according to eq 3:

https://doi.org/10.1021/acsorginorgau.4c00067
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o AGL Gl Gl ~ G
P 2.303RT 2.303RT (3)

In this equation, G:‘q A and Gfy, are the standard free
energies of deprotonated and protonated species, respectively,
calculated directly in aqueous solution at 298.15 K as follows:

Gui/ua = Eq + ZPVE + AG,

corr

where E, is the electronic energy for A~ or HA obtained by
structure optimization, ZPVE is the zero-point vibrational
energy in solution, and AG,,,, is the electronic and thermal free
energy correction. The Gibbs free energy of a proton in the
aqueous phase is calculated using the following equation:**>°

o latm— 1M
G:;‘H+ = Gyt + AG;’;SOW + AG™ )
where G;H+ = —6.287kcal/mol at 298 K,2*°¢
AG:;SOI‘,H+ = —265.9 kcal/mol is the aqueous-phase solvation

free energy of the proton, taken from the literature,”” and
AG™™~M — RT(24.46) = 1.89 kcal/mol is a correction term
for the change in standard state from 1 atm to 1 mol/L. The
symbols * and ° denote the standard states of 1 mol/L and 1
atm, respectively.

For a reduction reaction

_ AGlig
Aaq + ne —— Aaq (s)
The standard reduction potential is
AGig)
Elyu) = ———% _ SHE
ed(2q) nF (6)

where AG,.q(,q)* is the Gibbs free energy of the reduction in
standard conditions, # is the number of electrons transferred in
the reduction process, F is Faraday’s constant [23.06 kcal (mol
V)™'], and SHE is the absolute potential of the standard
hydrogen electrode (4.281 V).””*® The Gibbs free energy for
reduction is

AG::d(aq) = Gaq(M_) - Gaq(A) - nGgO(e_)

(7)
where Gg (e7) is the gas-phase free energy of one electron. At
298 K, the gas-phase Gibbs energy of an electron is Gy (e7) =
0.867 kcal/mol and is obtained from the literature values of
Hg(e™) = 0.752 keal/mol and Sg(e™) = 5.434 keal/(mol K).»

In addition, to improve the calculation of solvation effects,
which are important in charged structures, the inclusion of two
explicit water molecules directly hydrogen-bonded to the OH
group (site with acid—base behavior) was carried out. For each
intermolecular hydrogen bond, several orientations of the
added water were considered, and only the lowest energy
structure was used. For optimal cancellation of errors in the
calculations, the water molecule was hydrogen-bonded to the
same site in the molecule and its deprotonated form. Typical
arrangements of water near the protonation/deprotonation site
are shown in Figure 1. All pK, and E° calculations are
summarized in an Excel file in the Supporting Information.

2.2.2. CV Simulations. All voltammetry simulations were
performed using an ad hoc code written in the C++
programming language. Eigen library was implemented to
solve linear algebra equations.”® Fick’s law equations for
species i in one dimension were considered for simulating the
diffusion of the species from/to the bulk solution to/from the
electrode surface (eq 8):
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Figure 1. Explicit water molecules location in BHT.

aC,; ac?
=D—— =5
ot 0’x (8)
where C,; is the concentration, D; is the diffusion coefficient, ¢ is
the time, x is the distance from the electrode (x = 0) to the
where ¢,

bulk of the solution (x = 6,/Dt, .., wotal is the total

time of the experiment), and S; is a chemical reaction that can
consume or produce molecules of species i. These differential
equations were solved numerically using finite differences
methods.>! Migration and convection were negligible,
assuming a stationary solution with a high concentration of
the electrolyte.

The total current I, was calculated as the summation of the
faradaic and nonfaradaic contributions (eq 9):

IL=1+1I

()

The faradaic current flowing through the electrode/solution
interface, I was calculated with the Butler—Volmer equation

(eq 10):

N
If = AFZ kjo[cred,je(l_af)F(Eaa_EIO)/RT
j

- C

—aF(E,,~E")/RT
ox,je /‘F t ]

(10)
The summation in this equation considers that more than one
redox reaction (N redox reactions in this case) contributes to
the total faradaic current. For each j redox reaction, kjo
corresponds to the heterogeneous rate constant, C.4; is the
concentration of reductive species at the electrode surface, C,,;
is the concentration of oxidative species at the electrode
surface, a. is the transfer coeflicient, which was considered the

]

same for all reactions, E;) is the formal potential, and E, is the

actual potential applied to the electrode, given by eq 11:
Eact = Eapp - ItRQ (11)

in which Rg, is the internal resistance and E,,, is the applied
potential. F, R, and T have their usual meanings. For I both
diffusion and adsorption phenomena were considered.

The nonfaradaic (capacitive) current, I, was simulated with
an R-CPE circuit, according to the approach developed by
Charoen-amornkitt et al.”>** For the complete derivation of
the equation, please visit the referenced literature; we provide
here a brief explanation.

The CPE impedance, in the Laplace domain, can be
expressed as

1
Zepe = 5

Yos (12)

https://doi.org/10.1021/acsorginorgau.4c00067
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Figure 2. (a—h) Cyclic voltammograms at room temperature for BHT 33 ;M at different pH values in 10.0 mL of solution containing 20% ACN in
Britton—Robinson buffer of different pH values (2—12), sweep rate of 10 mV/s. The working electrode was a glassy carbon disk electrode with a
platinum wire as the auxiliary electrode and a Ag/AgCl (KCl 3 M) as the reference electrode. (i) Potential peak vs pH for peaks I and II, dashed
line corresponds to the linear fit of the data. The result of the fitting and the estimated errors are detailed in the figure. The CV IUPAC convention
was implemented. An anodic scan was performed from the starting point in all voltammograms, as marked in (a) with a red dot and arrow.

where Y| is the pseudocapacitance, s is the Laplace variable,
and y is the CPE exponent. The nonfaradaic current I in the
Laplace domain can be written as follows:

Ealct (S)
ZCPE(S)

where E_, is the potential deviation from the initial condition.
Applying the inverse Laplace transformation to eq 13 and
integrating b;r uniformly discretizing the time interval into n
subintervals®* yields

IC(S) = = Y()syEact (S)

(13)

k
%g [Eact(tk+1—l) - Eact(tk—l)]

[(I+ 1)"7 = 1I"7] + E,_(0)A(¢)

Ic(t) =

(14)

where At is the time step for the # subintervals and t is the
time for the interval k. The term A(x) is a function, such that

Y. -7
Alx) = —2
I'(1-y) (15)
In this equation, I is the gamma function.
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It is important to highlight the relevance of this nonfaradaic
current approach since few studies have focused on modeling
the voltammetric response of CPEs. In the present work, we
considered Y, and y as constant values over the voltage
window.

The rate for adsorption and desorption of species was
considered with a Langmuir isotherm™*
= kads,ici(ol t)(rmax - Z I_;)

Vads,i (16)

I)des,i = kdes,il—; (17)

where k; is an adsorption constant for species i, kg, is a
desorption constant, C/(0,t) is the surface concentration at
time ¢, I',,, is the maximum surface coverage, which in this
work is the same for all species, and I'; is the surface coverage
in mol/cm? On the other side, the formal potentials for the
charge transfer of the adsorbed species depend on the
following relationship™*

RT
— In

kads,j/ kdes,j

=E +
kads,i/kdes,i

EO

i,ads

(18)
where species j is the product of the oxidation of i.

https://doi.org/10.1021/acsorginorgau.4c00067
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In all cases, we considered as the initial condition a situation
where the only species present in the solution is BHT (Cgyyr),
and also the surface was free of adsorbed species.

To solve the total current, E,, is first guessed. Using Brent’s
method,” the converged E,, is obtained, and I. is calculated.
Applying the obtained E,, and I. to the Butler—Volmer
equation for different reactions, concentrations can be
obtained by solving a matrix equation with Eigen.”

The set of voltammograms in Figure 2a—h shows the current
response for BHT at different pH values for a sweep rate of 10
mV/s. This scan rate was chosen since, as observed in Figure
S1, the system approaches the thermodynamic equilibrium
between 5 and 15 mV/s. At sweep rates of >50 mV/s, several
peaks disappear. In almost all cases, two oxidative peaks (I and
IT) and one reductive peak (III) are observed. However, up to
pH = 8, the oxidative peak II begins to disappear. The
voltammogram for pH = 2 is shown in Figure S2, where an
extra reductive peak appears next to 1.1 V vs Ag/AgCl. This
figure shows that the appearance of this spurious current does
not affect the reaction since, if the potential window is lowered
below 1.2 V, the reaction is not altered at all. The reaction of
the medium is observed in all cases, approximately above 1.0 V
and below —0.3 V, as the continuous current increases and
decreases, respectively, until reaching the reverse potential.
The low oxidation potential observable for peak I of BHT
indicates very strong reduction properties, similar to those
exhibited by other phenols.*® Also, analogous to other phenolic
compounds, a shift of the oxidation potential (from 600 to 300
mV) affected by the pH change (from 3 to 8) is observed
(Table 1 and Figure 2h). A linear relationship with a slope of

Table 1. Current Peak for Peaks I, II, and III at Different
pH Values

first redox reaction second redox reaction

pH peak I (uA) peak III (uA) peak II (1A)
2.02 0.207 —0.083 0.225
4.01 0.161 —0.107 0.151
5.04 0.135 —0.099 0.131
5.54 0.171 —0.096 0.189
6.00 0.236 —0.273 0.210
7.00 0.248 —0.249 0.167
8.05 0.183 —0.177 0.0357
10.03 0.174 —0.249

12.00 0.137 —0.0587

67 mV, that is, close to 59 mV, is evidenced in this figure,
which shows the occurrence of both an electron and a proton-
transfer (PT) during the oxidation of BHT. Peak II does not
have such a clear behavior as the first one and practically
disappears up to pH 8. Also, Figure 2i suggests that the
potential peak for II is almost constant over the pH range
where the peak is present; this is related to an isolated electron
transfer.

It is also important to note in Figure 2a—h that below pH =
5.5 and above pH = 6, the current responses observed present
different behaviors (Table 1). Below pH = S.5, the peaks are
wider and present lower current peaks compared to
voltammograms above pH = 6. The first redox reaction (pair
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I-III) is more reversible in alkaline mediums compared to
acid ones, and the second oxidation peak II progressively
disappears as pH increases. Peak II is always present at acid
pH. Also, peak III is smaller compared to peak I in acid
medium and seems to decrease as the acidity increases for the
full potential window (0—1.2 V vs Ag/AgCl). However, as
observed in Figure S2a for pH = 2, if the potential window is
reduced to a value where peak II is not formed, the
electrochemical behavior of the couple peak I-III is reversible.
Another remarkable result is that peak III is practically absent
at pH = 12. The same potential range variation as Figure S2a
was applied to observe the behavior of the current for pH = 10,
Figure S2b. In this case, the reaction is reversible for all
potential windows considered, and peak II is not formed.
Another remark is that peak I seems unaltered while peak III is
reduced when increasing the potential window.

Different experiments were carried out to explore the
dissimilarities described previously between the voltammetric
responses of BHT under acidic and alkaline conditions. One
logical approach is to study the behavior of the first reaction
(pairs I-III) at different pH values. This is shown in Figure 3
for three representative pH values: 4 (a), 8 (b), and 12 (c). An
appreciable decrease in current is observed in the second cycle,
in all cases, which suggests the formation of a product that
passivates the surface of the electrode. The same passivation is
observed in consecutive cycles after the first one for the larger
potential window (0—1.2 V vs Ag/AgCl), as shown in Figure
S3. The reaction I-III is reversible for pH 4 and 8, but this is
not the case for pH 12. Figure 3d shows the charge
relationship, Q;/Qqy, considering the reduced potential
window for all pH values. This set of voltammograms is
shown in Figure S4. The dashed line was added to guide the
eye. As noticed, a slightly increasing relationship is observed
until pH 10, and then, Q;/Qyy increases drastically and reaches
a maximum value of 4.5 at pH = 12. This means that the peak
III disappearing is greater for pH > 8. Another feature to
highlight in the second cycle is the formation of a peak after
the first one in the most basic medium; it is not evident at the
other pH values. In fact, this new peak presents a larger signal
than peak I for pH 12.

In the present study, all of the possible BHT oxidation paths
were analyzed. For this purpose, a series of possible
consecutive electron-transfer and PT reactions associated
with this oxidation path were described by the electrochemical
“square-scheme” mechanism, as shown in Scheme 1A. In this
scheme, the single electron-transfer (SET) reactions are drawn
horizontally, and the PT reactions are given vertically for the
oxidation of BHT to form BHT®. Moreover, other side
reactions, such as dimerization of the radicals or electrophilic
attack of the cations on nucleophiles, may take place and are
discussed below.

The oxidation of BHT starts with one SET to the electrode
to form a cation radical, BHT" (E,,° = 1.15 V vs Ag/AgC],
Scheme 1B). The spin density of this radical is distributed in
the hydroxyl group and the aromatic ring (Figure SS). Because
of that, a second electron transfer (SET) process to form
BHT?" requires a higher potential (E,,° = 7.66 V vs Ag/
AgCl). At this point, to gain stabilization, BHT* could lose a
proton giving BHT* (Scheme 1B). Then, after a new SET
process (E.°), BHT" is formed (Scheme 1B).
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Figure 3. (a—c) Two cycles of cyclic voltammograms at room temperature for BHT 33 M at different pH values in 10.0 mL of solution containing
20% ACN in Britton—Robinson buffer in a small potential window to avoid peak II formation. The solution contains pH values of 4 (a), 8 (b), and
12 (c). Sweep rate of 10 mV/s. The working electrode was a glassy carbon disk electrode with a platinum wire as the auxiliary electrode and a Ag/
AgCl (KCl 3 M) as the reference electrode. The second cycle is shown in dashed line. (d) Charge ratio for peaks I and III vs pH. The CV IUPAC
convention was implemented. An anodic scan was performed from the starting point in all voltammograms, as marked in (a) with a red dot and

arrow.

In addition, it could be postulated that the one-electron-
transfer and one-proton-transfer processes are coupled
(CPET) due to the PT reaction having negative pK,
(thermodynamically favored; Scheme 1C). It can be observed
that the potential of the coupled transference (E,,.°) is lower
than the oxidation potential in consecutive steps (E,;°). This
phenomenon is in good agreement with the experimental
results in Figure 2, which show the decrease of the potential of
peak I with the increase of pH values and the reversibility of
the process (presence of peak III). On the contrary, the
potential peak II remains practically without alterations with
the pH changes according to one SET stated in the
experimental section and the computed E_,°. This electro-
chemical process is not reversible because BHT* reacts with a
water molecule to give the corresponding 2,6-di-tert-butyl-4-
hy;lroxy—4—methylcyclohexa—2,5—dien—1—one, BHTHQ (Figure
4a).

The formation of this secondary product was described for
2,4,6-tri-tert-butylphenol, 2,6-di-tert-butyl-4-isopropylphenol
and BHT.””*" In this way, dealkylation of BHTHQ is
unprovable because a primary radical should be formed in the
process. In addition, the hydrolysis reaction was studied deeply
using computational methods; the thermodynamic parameters
calculated are in good agreement with the plausible formation
of BHTHQ in the experimental conditions; the equilibrium
constant K for this reaction estimated from A G° is 0.0024
(Figure 4a). At this point, it is necessary to remark that due to
the potential of peak II having no dependency with the
medium pH, the formation of the quinone methide

(BHTQM) from BHT"' is discarded (Figure 4a). In the
same way, the disproportion reaction of BHT* to give BHT
and BHTQM is not considered because it is too slow to occur
in the times of voltammetric assays (Figure 4c).”” Recently, the
energy profile required for the methoxylation reaction of BHT
using DFT calculations and methanol as the solvent was
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reported. They observed that the methoxylation processes had
a similar energy than reported here having this reaction a
transition enthalpy of 6.2 kcal/mol.*’ This is in good
agreement with the fact that methanol and water act as
nucleophiles. In addition, the formation of this product
through BHTQM was discarded by the authors because of
its large energetic requirement, a fact which is under our
previous statement.””

Until this point, the voltammetric behavior of BHT in an
acidic pH aqueous medium is explained. On the other hand,
according to the increase of the medium pH being higher the
formation of BHT ™ takes place (BHT pK, = 12.52). According
to the pH value being closer to the pK,, the oxidation of this
anion gives BHT* (E,,;° = —0.26 V vs Ag/AgCl; Figure 4a). As
was described in the Experimental Section, peak I becomes
more reversible, and peak II disappears as pH increases. This
fact could be attributed to the reversible dimerization reaction
of BHT- to form other compounds (Figure 4c). While all
dimerization products were isolated from electrochemical
reactions, it was proposed that the main product formed in
the ggltammetric time is the p-quinol ether derivative (Figure
4c).

In this system, there is a balance between the kinetics of the
long life of the radical of BHT due to the substitution in ortho
and para positions, in comparison with other phenols, and the
chemical instability of the mentioned phenoxyl radicals toward
dimerization in aqueous solution.’

Finally, to remark on the excellent consistency between the
theoretical and experimental results, a Pourbaix diagram is
presented in Figure 5. The behavior of experimental E
corresponds to the computed potentials for the CPET
mechanism. There are small differences because the CPET
mechanism is constructed based on standard potentials, and
the experimental data correspond to peak potentials. Also, the

second potential peak, E,p, is described perfectly by the
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Scheme 1. (A) Generalized Electrochemical “Square-Scheme” Mechanism for the Oxidation of BHT to Form BHT", with
Electron-Transfer Reactions Drawn Horizontally and PT Reactions Given Vertically; (B) Sequential Electron and PT
Mechanism; (C) Proposed Mechanism in Which the First Step Is a Coupled Electron—Proton Transfer”
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“Oxidation steps for BHT at pH ~ 0 were computed using B3LYP/6-31+G(d,p)/SMD with explicit water molecules. The standard oxidation

potentials (E,,°) are expressed in units of V vs Ag/AgCl electrode.

computed SET mechanism. The CPET conditions were
described for phenol and 2,4,6-tri-t-butylphenol in water
previously, in which systems only present one voltammetric
17,18 :

peak. """ These reports could not describe properly systems
with electrode adsorption or secondary reactions and denote
the necessity of the DFT studies in order to get a new
mechanism perspective.17

Once the thermodynamics of the mechanism have been
analyzed, voltammetry simulations incorporate the kinetics of
the process to contrast the experimental measurements with
those of the proposed mechanistic model. This stage allows us
not only to corroborate the proposed oxidation pathway but
also to obtain quantitative kinetic information on the
considered reactions. The usual notation was implemented:
E; to symbolize a redox reaction “i” and C; to describe a
homogeneous chemical reaction “j”. Adsorbed species
parameters were labeled with the subindex “ads”, while the
adsorption/desorption process was described with the symbol
Ay to describe the adsorption “k”. It is important to note that,
in the present simulations, the passivation effect produced by
the adsorbed oxidation products was not considered, but it is
expected for these species to partially block charge transfer,
diminishing the charge-transfer rate and so decreasing the
current response.
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Before analyzing the faradaic current, we first started by
modeling the background (nonfaradaic) current of the
electrochemical cell, with eq 14. Figure 6 shows the
experimental background current for pH 5.54 and 7. As
observed, the experimental voltammograms are quite similar
until 0.7 V, where there is no reaction of the solvent (observed
in the experimental measurements as a current increase). The
nonfaradaic current was simulated and fitted with a Nelder—
Mead simplex.”” The result of the simulation is shown in
Figure 6 using the fitted parameters Rg = 55 Q, Y, = 2.97 uF-
s'7, and y = 0.61. This set of parameters was also obtained
with EIS data for two different pH values. Figure S6 and Tables
S1 and S2 show that average values of Rg, Y, and y for
different pH values are in concordance with the fitted data,
showing small ohmic resistances Rg < 100 Q, Y, < 4 uF-s'™7
and y close to 0.8. As observed, despite some differences in the
values of y, the fitting and experimental parameters match quite
well. This is so, to obtain a curve that more exactly matches the
voltammetric measurements, we used the parameters from the
fitting.

The proposed mechanism for BHT oxidation in a
voltammetric framework is shown in Figure 7 and was
constructed from the results described in the DFT section,
Scheme 1C, and also considering hydrolysis of BHT* (Figure
4a) and dimerization of BHT- (Figure 4c). For convenience,
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Figure 5. Pourbaix diagram for BHT.

potentials E,.° and E_,° of Scheme 1C are now labeled as E,°
and E,°, respectively. The mechanism can be described in two
different pathways, one EC that ends with the formation of the
dimer after the formation of the radical BHT:, and an EEC
pathway, that ends with the hydrolysis product of BHT™.
Furthermore, as observed in Figure 7, redox reactions can
occur either in solution, next to the electrode surface, or on the
electrode surface (adsorbed species). So, when necessary, it is
required to distinguish between parameters in the solution (for
example, E,°) and adsorbed ones (El,adso); as will be seen
below.

As detailed in Figure 7, the following assumptions were
considered for voltammetric simulations:

e Mass transport phenomena for BHT and BHT- was
considered to be regulated by the same diffusion
coefficient, Dgyr. BHT? is not considered a diffusive
species.
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As a buffered solution was used in experiments, the mass
transport of protons, and so the impact on the current
response, was considered negligible.

BHT and BHT" can be adsorbed/desorbed to/from the
electrode surface. These are processes labeled with A,
and A, in Figure 7, respectively. The rates of adsorption/
desorption of BHT and BHT" are regulated by constants
kads,l/kdes,l (Al) and kads,Z/kdes,Z (AZ)J reSPeCtiveIY’

The redox couple BHT/BHT" presents a heterogeneous
reaction in solution, i.e., non-adsorbed, (symbol E,) with
parameters EY and k).

Adsorbed redox reactions of couples BHT 4/BHT" 4
and BHT-,;/BHT,," are represented with symbols
El,adsr and EZ,adsr reSPeCtiveIY' For El,ads) k(lJ,ads and E(lJ,ads
are the adsorbed parameters, E{ 4 is calculated with eq
18. For E, 4, adsorbed parameters EJ 4 and k3 4, should
be defined.

Reaction C; considers the dimerization of the radical
BHT- and the respective backward reaction. These
processes are regulated by rate constants ky and ky,
respectively. Dimerization was considered a second-
order reaction while the backward reaction was taken as
a first-order one. The reaction C, is the hydrolysis of the
final oxidation product, BHT®, and this was tacked as an
irreversible and first-order reaction controlled by ky, .4,
The nonfaradaic current behaves as an R-CPE circuit,
where the CPE parameters and the ohmic resistance do
not vary with the potential of the electrode.

The fouling of the surface after the BHT oxidation and
the reaction of the medium were omitted.

Three representative pH cases were taken for simulations:
pH = 5.54, 7, and 12. The voltammograms for these pH values
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Figure 7. BHT oxidation mechanism, designed for voltammetry
simulations. The meaning of the symbols is detailed in the main text.

are shown in Figure 8a,c,e. The complete set of mathematical
equations can be found in the Supporting Information. The
values of quantities used in the model were estimated by an
exploration of the parameters and are detailed in Table 2. For
this, a bibliographic search of gphenolic compounds has served
as reference values.'*'”*'~* Chronocoulometry measure-
ments were performed to calculate the diffusion coefficient
of BHT with Anson’s equation (eq 1). Calculated diffusion
coefficients were Dyyr = 1.04 X 107> cm?® 57! for pH 5.54 and
1.2 X 107° cm? s for pH 8. As these values are practically the
same, we worked with Dgyr = 1.04 X 107> cm? s™! for all
simulations. The electrochemical surface area was calculated as
7.68 X 1072 cm?, and the geometrical area was 7.07 X 1072
cm?, so we can safely use surface areas ranging between these
two values, considering that the electrode surface is
regenerated by polishing before each measurement due to
the formation of the passivation film during the experiments.

As observed, despite the differences with the experiment, the
simulated voltammograms match well with the experimental
ones (Figure 8a,c,e). This is an important main result because
it shows that the mechanism predicted with DFT calculations
properly explains the oxidation pathway of BHT in different
pH mediums. As working with such small currents (hundreds
of nA), the current was intentionally reduced from simulations
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until it matched the experimental ones, subtracting all
simulated curves an approximate value of 5 X 10™® A from
the total current. As expected, there are differences where the
solvent begins to react, however, the zone of electrochemical
relevance in each pH agrees with the experimental measure-
ment. Also, another source of discrepancy is the formation of a
film on the surface of the electrode, which is common in
phenolic compounds.”**> As mentioned in the experimental
section, successive cycles show a strong decrease in current due
to the fouling of the electrode surface because fouling causes a
potential drop with time.** This phenomenon is more
pronounced on peak II if this peak is further from peak I
because there is more time for film formation on the surface.

The discussion will start with the analysis of pH 5.5 and 7.
Figure 8b,d presents the partial currents of diffusion and
adsorption at pH 5.5 and 7, respectively. The first difference
that can be noted is that the redox pair I/III is kinetically
slower for pH $.5 than that for 7. This is why a wider peak I is
observed at the acid medium compared with alkaline ones. In
both cases, a mixed diffusion/adsorption contribution to the
current is observed in peak I, with diffusional being more
important. This is so that at the beginning of the simulation,
there is no adsorbed BHT on the surface. This initial condition
was intentionally kept since experimental measurements were
run as soon as the electrode was immersed in the solution.
Regarding cathodic peak III, the source of the current presents
also a mixed diffusion/adsorption behavior, being diffusion less
important in this case compared to peak I. Moreover,
diffusional contribution in an acid medium seems minor than
that in the alkaline case; behavior is linked to a higher
dimerization rate (kﬂ) at acid pH values. A higher rate of dimer
formation is expected at a more acidic pH, according to ref 47.
The height of peak II is similar in these cases, being completely
due to adsorption. The adsorptive character of the oxidation of
BHT in 5% of acetonitrile was reported previously.”

Figure 9 provides an explanation for the model presented in
Figure 7 in which peak current II is due exclusively to the
adsorbed radical. This figure presents the experimental current
from which the background current has been subtracted for the
oxidative sweep, together with two simulations: one in which
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Figure 8. (a,c,e) Experimental and simulated voltammograms at a sweep rate of 10 mV/s with solutions containing pH $.5 (a), 7 (b), and 12 (c) at
10 mV/s. Experimental CVs were performed at room temperature in a three-electrode cell consisting of a glassy carbon working electrode, a
platinum wire auxiliary electrode, and a Ag/AgCl (KCl 3 M) reference electrode. The 10 mL of solution contained BHT 33 yM and 20% ACN in
Britton—Robinson buffer. Corresponding contributions of diffusion and adsorption to the simulated faradaic are detailed in figures (b,d,f) for the
indicated pH values. The CV IUPAC convention was implemented. An anodic scan was performed from the starting point in all voltammograms, as
marked with a red dot and arrow in (a).

Table 2. Parameters Used for Numerical Simulations of
Voltammetry at Different pH Values

parameter pH = 5.54 pH =7.0 pH = 12.0
A [em?] 0.0707 0.0768 0.0707
Cpyr [mol/em®] 329 x 1071 329 x 107" 329 x 1071
Dgyr [ecm?/s] 1.04 x 107° 1.04 X 107° 1.04 x 107°
T [K] 298 298 298
a 0.5 0.5 0.5
E, B9 4 [V vs 0.28, 0.73 0.2, 0.73 —-0.12, 0.73
Ag/AgCl]
K [em/s] 7.00 x 107* 7.00 X 107" 7.00 x 107!
Ko B [s7'] 1.0, 8 x 107 1%x10,'8%x107% 1x10,'8x1072
Kago 1y Kadsn 8.00 X 107, 1.00 X 10°, 1.00 X 10°,
cm?*/mol-s] 3.00 x 10° 3.00 x 10° 1.00 x 10°
Kaeg1s kaesa [s7'] 3.00 X 1072, 4.00 X 1072, 4.00 X 1072,
1.00 x 107* 1.00 x 107* 1.00 x 107*
ky [cm®/mols]  4.00 X 10° 1.00 x 10° 1.00 x 10°
Ky [s71] 100 100 100
kpaaas [s7'] 5.0 5.0 5.0
ki3 [em®/mols] 0.0 0.0 1 x 10°

the faradaic current is due to a mix of adsorptive and
diffusional current and another in which it is purely diffusional.
For the last case, the same parameters were used, with the
exception that all adsorption constants were set to zero and ky
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Figure 9. Experimental oxidative current (background current
subtracted) for pH = 5.5 at 10 mV/s. Simulated voltammograms
for the same conditions as the experimental case and with two distinct
scenarios: a current totally dependent on diffusion phenomena and
that of the model shown in Figure 7, where a mixed diffusion and
adsorption is considered. The experimental voltammogram was
performed at room temperature in a three-electrode cell consisting
of a glassy carbon working electrode, a platinum wire auxiliary
electrode, and a Ag/AgCl (KCl 3 M) reference electrode. The 10 mL
of solution contained BHT 33 uM and 20% ACN in Britton—
Robinson buffer. The CV IUPAC convention was implemented. An
anodic scan was performed in the direction of the red arrow from the
starting point (not shown in the figure).
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= 6.00 X 10* cm®/mol. Also, two new parameters were
implemented for the couple BHT:/BHT", for the reaction in
solution next to the electrode surface, k3 = 1.0 X 107> cm/s
and Eg = 0.73 V vs Ag/AgCl. Both simulations accurately
explain the occurrence of peak I, but the situation regarding
peak II is different. There is a clear correspondence between
the model where adsorption is regulating peak II (green
current) and the experimental counterpart, until the potential
where the fouling of the surface causes differences with the
background current (gray shaded area). In the case of pure
diffusion behavior, marked differences are observed with
respect to the experiment and with the adsorptive simulated
current peak IL A shaded area in magenta was added to
highlight the difference between both simulated curves due to
the presence of a characteristic diffusional tail, absent in the
adsorptive peak IL

The case of pH 12 is a special one. The behavior for this pH
is different from that of the rest. At this medium, there are no
protons in the solution, then the energetics of electron-transfer
reactions involve the phenolate ions (BHT ™) and the phenoxyl
radicals (BHT:) in aqueous solutions, being this process
straightforward (one electron transfer). According to the
increasing of the radical formation, the secondary product
formation is favored and could be present in the CV
experiments after a second cycle experiment (Figure 3c).
This is why we considered another reaction in this case,
regulated by the rate constant k3. This new reaction considers
the BHT radical consumed in solution to form this secondary
product. This is why peaks II and III are absent because there
is no more radical available to react (or there is, but at a very
low quantity). Moreover, it was reported that at pH 12, the
oxidation is caused by oxygen-centered radicals such as OH*
generated at high potentials, and this reaction could be
responsible for the formation of secondary products.*®

In this instance, we can recall the results at the reduced
potential window of Figure 3, just to observe the redox pair I/
III. As was noted, the charge ratio of these peaks (Q;/Qyy) was
constant below pH lower than 10, where the ratio grew
abruptly. This is consistent with the previous discussion. As pH
increases, after 8, the rate kf3 rapidly increases, reaching a
maximum of pH 12.

Finally, the obtained values of E{ and Ej 4 for different pH
values were inserted in the Pourbaix diagram of Figure S,
named E} simulated and Ejy simulated, respectively. E{ simulated
falls between the experimental potential peaks and the
calculated potentials. Efy simulated is close to the experimental
and calculated data. This shows the correlation of the three
different instances of the present approach.

The oxidation mechanism of BHT in aqueous solution was
studied through experiment and theory at different pH values,
which is of great relevance in many areas, such as food and feed
chemistry, pharmaceuticals, and pharmacology. DFT calcu-
lations showed that the first oxidation reaction is due to a
coupled loss of one electron and one proton (CPET), followed
by a SET process without a loss of protons. The
correspondence between these calculations and the exper-
imental data was shown with a Pourbaix diagram. Secondary
(nonelectroactive) reactions such as dimerization of BHT
radical and hydrolysis of BHT cation were also studied with
DEFT.

702

The mechanism proposed for voltammetric simulations
consisted of two different pathways: an EC path that ends with
the formation of the dimer after the formation of the radical
through the CPET reaction, and an EEC where the radical is
oxidized in a PET reaction and the product is then hydrolyzed
irreversibly. This mechanism, with the consideration of the
reversible adsorption of BHT and its radical on the electrode
surface and also that the cation is an adsorbed species,
satisfactorily explained the CV responses observed in experi-
ments at different pH values, modeling it with numerical
simulations. It was also shown that adsorption is an important
phenomenon in the electrochemistry of BHT in an aqueous
solution, especially to explain the nature of the current of the
second oxidation reaction. Simulations also revealed that the
CPET reaction (formation of the radical) occurs with a faster
kinetics in the basic medium than that in the acid medium.
Furthermore, at pH = 12, a third lateral reaction may be
relevant at high alkaline pH values, diminishing the radical
concentration available to react. The product of this reaction
was observed as the formation of a new peak in the second
scan of the experiment. To the best of our knowledge, this
voltammetric peak and its interpretation were not informed
previously.

Finally, a novel approach for the study of the oxidation
mechanism and electrochemistry of phenolic compounds has
proven to be satisfactory. This shows its potential use in
analyzing other molecules of interest, whose mechanism is not
well-understood.

The data underlying this study are available in the published
article and will be provided upon request to the authors.
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